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Abstract
We present a simple scheme of mixing of four neutrinos that can accommodate
the results of all neutrino oscillation experiments, the observed abundances
of primordial elements and the current upper bound for the effective Majo-
rana neutrino mass in neutrinoless double-β decay (assuming that massive
neutrinos are Majorana particles). The scheme has maximal mixing in the
νµ, ντ–ν3, ν4 sector and small mixings in the νe, νs–ν1, ν2 and νe, νµ–ν1, ν3 (or
νe, νµ–ν1, ν4) sectors (MS
2). We discuss the implications of this scheme for
short and long baseline oscillation experiments and for neutrinoless double-β
decay and tritium β-decay experiments.
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Typeset using REVTEX
1
I. INTRODUCTION
The Super-Kamiokande measurement of atmospheric neutrino oscillations [1] has
launched the physics of massive neutrinos [2] into a new era of model-independent evidence.
Hopefully other experiments will provide in the near future further model-independent in-
formation on neutrino masses and mixing through the observation of solar neutrinos (SNO,
Borexino and others, see [3]), atmospheric and long-baseline accelerator neutrinos (see [4]),
short-baseline accelerator neutrinos (see [5]) and reactor neutrinos (see [6]).
At present there are three types of experiments that provide indications in favor of neu-
trino oscillations: solar neutrino experiments (Homestake, Kamiokande, GALLEX, SAGE
and Super-Kamiokande [7,8]), atmospheric neutrino experiments (Kamiokande, IMB, Super-
Kamiokande, Soudan-2 and MACRO [9,1])) and the accelerator LSND experiment [10]. In
order to accommodate these experimental results at least three independent neutrino mass-
squared differences are needed (see [11] for a simple proof):
∆m2sun ∼ 10−10 eV2 (VO) or ∆m2sun ∼ 10−6 − 10−4 eV2 (MSW) , (1.1)
∆m2atm ∼ 10−3 − 10−2 eV2 , (1.2)
∆m2LSND ∼ 1 eV2 . (1.3)
The two possibilities (see [12]) for the solar mass-squared difference ∆m2sun correspond,
respectively, to the vacuum oscillation (VO) solution and to the MSW effect [13].
Three independent neutrino mass-squared differences require the existence of at least
four light massive neutrinos. Here we consider the minimal possibility of four light massive
neutrinos [14–20,11] that allows to explain all the data of neutrino oscillation experiments.
In this case, in the flavor basis the three active neutrinos νe, νµ, ντ are accompanied by a
sterile neutrino νs that does not take part in standard weak interactions (see [21]).
Further constraints on neutrino mixing can be obtained from the measurement of the
primordial abundance of light elements produced in Big-Bang Nucleosynthesis (BBN) (see
[22]) and from the results of neutrinoless double-β decay experiments (ββ0ν) (see [23]),
assuming that massive neutrinos are Majorana particles.
The analysis of recent astrophysical data yields the upper bound [24]
NBBNν ≤ 3.2 (95% CL) (1.4)
for the effective number of neutrinos in BBN, although the issue is still rather controversial
(see [25]). In the framework of four-neutrino mixing, the upper bound NBBNν < 4 implies
that atmospheric neutrino oscillations occur in the νµ → ντ channel and solar neutrino
oscillations occur in the νe → νs channel [16,19]. In this case only the small mixing angle
solution of the solar neutrino problem is allowed, with
3× 10−6 eV2 . ∆m2sun . 8× 10−6 eV2 ,
10−3 . sin22ϑsun . 10
−2 , (1.5)
at 99% CL [12]. Here ϑsun is the two-neutrino mixing angle used in the analysis of solar
neutrino data. Solar neutrino experiments (SNO, Borexino and others, see [3]) could prove
the dominance of the νe → νs channel in solar neutrino oscillations in the near future,
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hopefully in a model-independent way [26]. The dominance of νµ → ντ oscillations for
atmospheric neutrinos will be checked by future atmospheric and long-baseline experiments
(see [4]). Already the fit of Super-Kamiokande data favors the νµ → ντ with respect to the
νµ → νs channel [27].
It is important to notice that in the framework of four-neutrino mixing the BBN bound
(1.4) implies that solar and atmospheric neutrino oscillations are effectively decoupled and
the two-generation analyses of solar and atmospheric neutrino data yield correct information
on the 4×4 four-neutrino mixing matrix [19,28].
If massive neutrinos are Majorana particles, the matrix element of ββ0ν decay is propor-
tional to the effective Majorana mass
|〈m〉| =
∣∣∣∣∣∑
k
U2ekmk
∣∣∣∣∣ , (1.6)
where U is the mixing matrix that connects the flavor neutrino fields ναL (α = e, µ, τ) to
the fields νkL of neutrinos with masses mk through the relation
ναL =
∑
k
Uαk νkL . (1.7)
The present experimental upper limit for |〈m〉| is [29]
|〈m〉| ≤ 0.2− 0.4 eV . (1.8)
The uncertainty of a factor of two for this upper bound stems from the uncertainty of the
theoretical calculation of the nuclear matrix element [30]. The next generation of ββ0ν decay
experiments is expected to be sensitive to values of |〈m〉| in the range 10−2 − 10−1 eV [31].
Values of |〈m〉| as small as about 10−3 eV may be reached not far in the future [32].
It has been shown [17,20,11] that only one mass spectrum with four neutrinos can ac-
commodate the results of all neutrino oscillation experiments, the BBN bound (1.4) and
the neutrinoless double-β decay limit (1.8) (assuming that massive neutrinos are Majorana
particles):
sun︷ ︸︸ ︷
m1 < m2 ≪
atm︷ ︸︸ ︷
m3 < m4︸ ︷︷ ︸
LSND
. (1.9)
This mass spectrum is characterized by having
∆m2LSND = ∆m
2
41 , ∆m
2
atm = ∆m
2
43 , ∆m
2
sun = ∆m
2
21 . (1.10)
In the framework of the mass spectrum (1.9) the BBN bound (1.4) gives a strong constraint
on the mixing of the sterile neutrino with the two “heavy mass” eigenstates ν3 and ν4 [19]:
|Us3|2 + |Us4|2 . 10−5 , (1.11)
or |Us3|2 + |Us4|2 . 10−4 if the weaker bound NBBNν < 4 is correct.
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In this paper we consider the mass spectrum (1.9) and we present, in Section II, a
simple mixing scheme that can accommodate the results of all neutrino oscillation exper-
iments (the solar, atmospheric and LSND indications in favor of neutrino oscillations and
the negative results of all the other experiments), the BBN bound (1.4) and the neutrinoless
double-β decay bound (1.8). In Sections III, IV, V and VI we discuss the predictions of the
scheme under consideration for short-baseline oscillation experiments, long-baseline oscilla-
tion experiments, neutrinoless double-β decay experiments and tritium β-decay experiments,
respectively. Conclusions are drawn in Section VII.
II. THE MS
2
MIXING SCHEME
As shown in [19,28], the BBN bound (1.4) implies that the νe, νs–ν1, ν2 and νµ, ντ–ν3, ν4
sectors of the 4×4 neutrino mixing matrix are approximately decoupled: in the (νe, νs, νµ, ντ )
basis we have
U ≃


cosϑsun sinϑsun 0 0
− sinϑsun cosϑsun 0 0
0 0 cosϑatm sinϑatm
0 0 − sinϑatm cosϑatm

 . (2.1)
Here ϑsun is the solar mixing angle whose allowed range is given in Eq. (1.5) and ϑatm is the
atmospheric mixing angle whose 90% CL allowed range is [1]
0.9 . sin22ϑatm ≤ 1 . (2.2)
Since the best fit of the Super-Kamiokande data is obtained in the case of maximal mixing,
ϑatm = pi/4, and theoretically maximal or small mixing angles are preferred in comparison
with intermediate configurations (the large mixing angle in the νµ, ντ–ν3, ν4 sector could
be related to the almost degeneracy of ν3 and ν4, whereas the small mixing angle in the
νe, νs–ν1, ν2 sector could be related to the hierarchy m1 ≪ m2), in the following we consider
the case of maximal mixing in the νµ, ντ–ν3, ν4 sector (corrections to this scheme due to
ϑatm 6= pi/4 can be easily computed):
U ≃


cosϑsun sinϑsun 0 0
− sinϑsun cosϑsun 0 0
0 0 1/
√
2 1/
√
2
0 0 −1/√2 1/√2

 . (2.3)
The mixing matrix (2.3) cannot be exact, because it cannot accommodate the ν¯µ → ν¯e
and νµ → νe oscillations observed in the LSND experiment. Indeed, the probability of
να → νβ transitions for neutrinos with energy E in a short-baseline experiment with a
source-detector distance L is [17]
P (SBL)να→νβ = Aαβ sin
2
(
∆m2LSNDL
4E
)
, (2.4)
with the oscillation amplitude
4
Aαβ = 4
∣∣∣∣∣∑
k=3,4
U∗αk Uβk
∣∣∣∣∣
2
. (2.5)
One can easily see that if the mixing matrix (2.3) were exact the amplitude Aµe of short-
baseline νµ → νe oscillations would vanish, in contrast with the LSND result. (The expres-
sion (2.5) implies that P
(SBL)
ν¯α→ν¯β = P
(SBL)
να→νβ and CP or T violation effects are not observable in
short-baseline experiments independently from the value of the neutrino mixing matrix [2].)
The simplest way to generalize the mixing matrix (2.3) in order to accommodate the
LSND oscillations is to rotate its νe–νµ sector by a small angle. There are four rotations
that can be performed in the νe, νµ–νi, νj sectors, with i = 1, 2 and j = 3, 4. However,
small rotations in the νe, νµ–ν2, ν3 and/or νe, νµ–ν2, ν4 sectors are not effective in generating
νµ → νe transitions because νe has large mixing with ν1 and small mixing with ν2, in order
to accommodate the small mixing angle solution (1.5) of the solar neutrino problem. More-
over, such rotations generate relatively large elements Us3 and/or Us4, that are incompatible
with the BBN bound (1.11). Hence, small rotations in the νe, νµ–ν2, ν3 and/or νe, νµ–ν2, ν4
sectors are excluded. On the other hand, small rotations in the νe, νµ–ν1, ν3 and/or νe, νµ–
ν1, ν4 sectors are effective in generating the νµ → νe oscillations observed in the LSND
experiment and the resulting mixing matrix is compatible with the BBN constraint (1.11).
Unfortunately, if both rotations are allowed the resulting mixing matrix is quite complicated
and difficult to handle. Therefore, we assume that one of the mixings in the νe, νµ–ν1, ν3
and/or νe, νµ–ν1, ν4 dominates over the other. Which one dominates is irrelevant for the
resulting phenomenology, because the two possibilities give equivalent predictions for neu-
trino oscillations experiments, neutrinoless double-β decay experiments and tritium β-decay
experiments. In the following we will consider explicitly the case of dominance of the mixing
in the νe, νµ–ν1, ν3 sector. Hence, we rotate the νe, νµ–ν1, ν3 sector by a small angle
√
2ϑLSND
[the coefficient
√
2 is introduced in order to allow the interpretation of ϑLSND as the usual
mixing angle measured in the LSND experiment; see Eq. (2.9)]:
U =


cosϑsun sinϑsun 0 0
− sinϑsun cosϑsun 0 0
0 0 1/
√
2 1/
√
2
0 0 −1/√2 1/√2




cos
√
2ϑLSND 0 sin
√
2ϑLSND 0
0 1 0 0
− sin√2ϑLSND 0 cos
√
2ϑLSND 0
0 0 0 1

 , (2.6)
that yields
U =


cosϑsun cos
√
2ϑLSND sinϑsun cosϑsun sin
√
2ϑLSND 0
− sinϑsun cos
√
2ϑLSND cosϑsun − sinϑsun sin
√
2ϑLSND 0
− sin√2ϑLSND/
√
2 0 cos
√
2ϑLSND/
√
2 1/
√
2
sin
√
2ϑLSND/
√
2 0 − cos√2ϑLSND/
√
2 1/
√
2

 . (2.7)
We call MS2 the mixing scheme represented by this matrix, which has maximal mixing in
the νµ, ντ–ν3, ν4 sector and small mixings in the νe, νs–ν1, ν2 and νe, νµ–ν1, ν3 sectors. For
simplicity, we did not introduce any CP-violating phase or different CP parities for the
massive neutrinos (see [2]), because there is no information at present on these quantities.
Hence, in the following we will not make any distinction between the oscillations of neutrinos
and antineutrinos.
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The amplitude of short-baseline νµ → νe oscillations that follows from the MS2 mixing
matrix (2.7) is
Aµe =
1
2
cos2ϑsun sin
22
√
2ϑLSND . (2.8)
Taking into account the fact that the mixings νe, νs–ν1, ν2 and νe, νµ–ν1, ν3 sectors are small
(cos2ϑsun ≃ 1, sin22
√
2ϑLSND ≃ 8ϑ2LSND), we have
Aµe ≃ 4 ϑ2LSND ≃ sin22ϑLSND . (2.9)
Hence, ϑLSND can be identified with the mixing angle measured in the LSND experiment.
From the results of the LSND experiment it follows that the preferred range for sin22ϑLSND
(90% likelihood region) is [10]
2× 10−3 . sin22ϑLSND . 4× 10−2 . (2.10)
The MS2 mixing matrix is compatible with the BBN bound (1.11). Indeed, in the MS2
mixing scheme we have
|Us3|2 + |Us4|2 = sin2ϑsun sin2
√
2ϑLSND ≃ 1
8
sin22ϑsun sin
22ϑLSND , (2.11)
that is doubly suppressed by the smallness of sin22ϑsun and sin
22ϑLSND. From the limits
(1.5) and (2.10) we obtain
2× 10−7 . |Us3|2 + |Us4|2 . 5× 10−5 , (2.12)
that is well compatible with the bound (1.11).
Let us finish this section by emphasizing that the MS2 mixing matrix (2.7) is a valid
approximation of the real neutrino mixing matrix if the mixing in the νe, νµ–ν1, ν3 sector
dominates over the mixing in the νe, νµ–ν1, ν4 sector. Both mixings are allowed by the
data. The opposite situation in which the mixing in the νe, νµ–ν1, ν4 sector dominates over
the mixing in the νe, νµ–ν1, ν3 sector produces a mixing matrix that can be obtained from
the one in Eq. (2.7) by exchanging the third and fourth columns and leads to the same
phenomenology.
III. SHORT-BASELINE EXPERIMENTS
The MS2 mixing scheme provides precise predictions for the amplitudes of νµ → ντ ,
νe → ντ , νe → νs, νµ → νs and ντ → νs in short-baseline experiments:
Aµτ = sin
4
√
2ϑLSND ≃ 1
4
A2µe , (3.1)
Aeτ =
1
2
cos2ϑsun sin
22
√
2ϑLSND = Aµe , (3.2)
Aµs = Aτs =
1
2
sin2ϑsun sin
22
√
2ϑLSND ≃ 1
4
sin22ϑsun sin
22ϑLSND , (3.3)
Aes = sin
22ϑsun sin
4
√
2ϑLSND ≃ Aµe Aµs . (3.4)
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The approximations in Eqs. (3.1) and (3.4) are valid because of ϑsun ≪ 1 and ϑLSND ≪ 1.
Notice that the amplitudes Aµτ and Aµs = Aτs are quadratically suppressed by the smallness
of sin22ϑsun and sin
22ϑLSND and the amplitude Aes is even cubically suppressed. Hence the
oscillations in the corresponding channels will be very difficult to observe. On the other
hand, the equality of the amplitudes Aeτ and Aµe, that are suppressed only linearly by the
smallness of sin22ϑLSND, could be checked in a not too far future, perhaps with neutrino
beams produced in muon storage rings [33]. Let us emphasize that (obviously) in the
MS2 mixing scheme (as well as in any four-neutrino mixing scheme compatible with the
present neutrino oscillation data) short-baseline oscillations in all channels are generated
by the same mass-squared difference ∆m2LSND and this prediction can and must be checked
experimentally.
The survival probability of ναs in short baseline experiments is given by [17]
P (SBL)να→να = 1− Bαα sin2
(
∆m2LSNDL
4E
)
, (3.5)
with the oscillation amplitudes
Bαα =
∑
β 6=α
Aαβ . (3.6)
Since in the MS2 mixing scheme Aeτ = Aµe and Aes is negligible, for the survival probability
of νes in short-baseline experiments we have
Bee = 2Aµe . (3.7)
In general the oscillation amplitude Aµe is constrained by the unitarity inequality Aµe ≤ Bee
and this bound has been used in order to restrict the LSND-preferred region in the Aµe–
∆m2LSND plane [10] using the exclusion curve obtained in the Bugey [34] νe disappearance
experiment. From Eq. (3.7) it follows that in the MS2 scheme the constraint on Aµe coming
from the Bugey exclusion curve is stronger:
Aµe ≤ 1
2
BBugeyee , (3.8)
where BBugeyee is the upper limit for Bee obtained in the Bugey experiment (Bee coincides with
the parameter sin22ϑ used in the two-generation analysis of the Bugey data). It is clear that
this stronger bound is due to the fact that in the MS2 mixing scheme νe → νµ and νe → ντ
transitions contribute equally to the disappearance of νes in short-baseline experiments.
The LSND favored region in the sin22ϑ2LSND–∆m
2
LSND plane (90% likelihood region) [10]
that takes into account the constraint (3.8) is shown in Fig. 1 as the dark shadowed region
[remember that sin22ϑ2LSND is practically equivalent to Aµe; see Eq. (2.9)]. The thin solid
line represents the bound (3.8), whereas the thick solid line represents the general bound
Aµe ≤ BBugeyee and the light plus dark shadowed areas represent the usual LSND favored
region [10]. In the MS2 mixing scheme the preferred range (2.10) for sin22ϑLSND must be
restricted to
2× 10−3 . sin22ϑLSND . 2× 10−2 . (3.9)
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Let us consider now short-baseline νµ → ντ oscillations. The region in the sin22ϑµτ–
∆m2LSND plane obtained from the LSND favored region in Fig. 1 through Eq. (3.1) is shown
in Fig. 2 as the shadowed area. Here sin22ϑµτ = Aµτ is the amplitude of νµ → ντ oscillations
measured in short-baseline experiment, i.e. it coincides with the parameter sin22ϑ used in
the usual two-generation analyses of the data of these experiments. The thin solid line in
Fig. 2 represents the upper bound for sin22ϑµτ obtained in [19] for the mass spectrum (1.9)
assuming the validity of the BBN bound NBBNν < 4. The thick solid line on the right in
Fig. 2 shows the final sensitivity of the CHORUS and NOMAD experiments [35]. One can
see that unfortunately the sensitivity region of the CHORUS and NOMAD experiments is
rather far from the region predicted in the MS2 mixing scheme and, if this scheme is correct,
it will be very difficult to reveal νµ → ντ oscillations in short-baseline experiments.
IV. LONG-BASELINE EXPERIMENTS
The probability of να → νβ transitions in vacuum in long-baseline (LBL) experiments is
given by [18]
P (LBL)να→νβ =
∣∣∣∣∣∑
k=1,2
U∗αkUβk
∣∣∣∣∣
2
+
∣∣∣∣U∗α3Uβ3 + U∗α4Uβ4 exp
(
−i∆m
2
atmL
2E
)∣∣∣∣2 , (4.1)
where L is the source-detector distance and E is the neutrino energy. For the different
channels we obtain
P (LBL)νµ→νe = P
(LBL)
νe→ντ =
1
4
cos2ϑsun sin
22
√
2ϑLSND ≃ 1
2
sin22ϑLSND , (4.2)
P (LBL)νµ→ντ =
1
2
[
1− cos2
√
2ϑLSND cos
(
∆m2atmL
2E
)
− 1
4
sin22
√
2ϑLSND
]
≃ sin2
(
∆m2atmL
4E
)[
1− 1
2
sin22ϑLSND
]
, (4.3)
P (LBL)νµ→νs = P
(LBL)
ντ→νs =
1
4
sin2ϑsun sin
22
√
2ϑLSND ≃ 1
8
sin22ϑsun sin
22ϑLSND , (4.4)
P (LBL)νe→νs =
1
2
sin22ϑsun sin
4
√
2ϑLSND ≃ 2P (LBL)νµ→νe P (LBL)νµ→νs , (4.5)
As expected, the probability of νµ → ντ oscillations is given with a good approximation
by the standard two-generation formula in the case of maximal mixing. This is the only
probability that is predicted to have an oscillatory behavior as a function of E/L in long
baseline experiments. The corrections to these oscillation probabilities due to matter effects
will be discussed elsewhere [36].
From Eq. (4.2) one can see that the probability of νµ → νe oscillations in long-baseline
experiments is given by the average of the oscillation probability measured in the LSND
experiment. Hence, the two-generation mixing angle used in the analyses of long-baseline
νµ → νe experiments coincides with the LSND mixing angle and has the allowed range given
in Eq. (3.9). MINOS, ICARUS and other experiments [4,33] will be sensitive to this range
of the mixing angle.
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In the framework of the MS2 scheme the probability of νµ → νe and νe → ντ long-baseline
oscillations are equal [as the corresponding probabilities in short-baseline experiments, see
Eq. (3.2)]. This equality could be checked by future experiments with neutrino beams
produced in muon storage rings [33].
V. NEUTRINOLESS DOUBLE-β DECAY
Let us consider now neutrinoless double-β decay. In the MS2 mixing scheme the effective
Majorana mass is given by
|〈m〉| = cos2ϑsun cos2
√
2ϑLSNDm1 + sin
2ϑsunm2 + cos
2ϑsun sin
2
√
2ϑLSNDm3 . (5.1)
Assuming that the contribution of m1 is negligible (m1 could even be zero), since the contri-
bution of m2 is suppressed by the small sin
2ϑsun factor, the dominant contribution is given
by m3 ≃
√
∆m2LSND:
|〈m〉| ≃ cos2ϑsun sin2
√
2ϑLSNDm3 ≃ 1
2
sin22ϑLSND
√
∆m2LSND . (5.2)
Hence, the MS2 mixing scheme predicts a connection between the value of the effective
neutrino mass in ββ0ν decay and the quantities sin
22ϑLSND and ∆m
2
LSND measured in short-
baseline νµ → νe oscillation experiments.
The region in the ∆m2LSND–|〈m〉| plane obtained from the LSND favored region in Fig. 1
through Eq. (5.2) is shown in Fig. 3 as the dark shadowed area. This figure shows that the
predicted range for the effective Majorana mass in ββ0ν decay is
1.3× 10−3 eV . |〈m〉| . 7× 10−3 eV . (5.3)
Such small values of |〈m〉| may be reached by ββ0ν decay experiments in a not too far future
[32].
The dark shadowed region in Fig. 3 obtained in the MS2 mixing scheme is more restrictive
than the light plus dark shadowed region in the same figure that has been obtained in [11]
from the LSND favored region in a general scheme with the mass spectrum (1.9) under the
natural assumption that massive neutrinos are Majorana particles and there are no unlikely
fine-tuned cancellations among the contributions of the different neutrino masses. Indeed,
in the MS2 mixing scheme there is no cancellation among the contributions of the different
neutrino masses, because the dominant contribution is given by m3. The thin solid line in
Fig. 3 represents the upper bound for |〈m〉| derived in [37] for the mass spectrum (1.9) and
the thick solid line represents the unitarity limit |〈m〉| ≤√∆m2LSND.
Notice that the prediction for the effective Majorana mass in ββ0ν decay in the MS
2
mixing scheme is independent from a possible introduction of CP-violating phases or of
different CP parities of the mass eigenstates, because there is only one dominant contribution
coming from m3.
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VI. TRITIUM β-DECAY EXPERIMENTS
In the case of neutrino mixing, the Kurie function in tritium β-decay experiments [38] is
given by [39]
K(T ) =
√
Q− T
[∑
k
|Uek|2
√
(Q− T )2 −m2k
]1/2
. (6.1)
In the MS2 mixing scheme we have
K(T ) =
√
Q− T
[
cos2ϑsun cos
2
√
2ϑLSND
√
(Q− T )2 −m21
+ sin2ϑsun
√
(Q− T )2 −m22
+cos2ϑsun sin
2
√
2ϑLSND
√
(Q− T )2 −m23
]1/2
. (6.2)
The maximum deviation of this Kurie function from the massless one K0(T ) = Q − T is
obtained for T = Q−m3 and is given by
∆Kmax ≃ 1
4
sin22ϑLSNDm3 . (6.3)
For example, the maximum value of sin22ϑLSND allowed by the LSND favored region in Fig. 1
for m3 ≃
√
∆m2LSND = 1 eV is 9× 10−3, that yields
∆Kmax(m3 = 1 eV) ≃ 2× 10−3 eV . (6.4)
The possibility to measure such small deviations is well beyond the present technology.
Hence, if the MS2 mixing scheme is correct, tritium β-decay experiments [38] will not observe
any effect of neutrino mass in any foreseeable future. This obviously means that these
important experiments have the potentiality to rule out the MS2 mixing scheme by measuring
a positive effect.
VII. CONCLUSIONS
We have presented the MS2 neutrino mixing scheme, that is a simple scheme of mixing
of four neutrinos that can accommodate the results of all neutrino oscillation experiments,
(the solar, atmospheric and LSND indications in favor of neutrino oscillations and the neg-
ative results of all the other experiments), the measurement of the primordial abundance of
light elements produced in Big-Bang Nucleosynthesis and the current upper bound for the
effective Majorana neutrino mass in neutrinoless double-β decay. The MS2 mixing scheme
has maximal mixing in the νµ, ντ–ν3, ν4 sector and small mixings in the νe, νs–ν1, ν2 and
νe, νµ–ν1, ν3 (or νe, νµ–ν1, ν4) sectors. This scheme follows naturally from the experimental
information, with the only assumption that the mixing in the νe, νµ–ν1, ν4 dominates over
the mixing in the νe, νµ–ν1, ν3 sector (or vice-versa, see the discussion in Section II).
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As we have shown, the MS2 mixing scheme has rather precise predictions for the oscilla-
tion probabilities in short-baseline and long-baseline experiments, for neutrinoless double-β
decay and for tritium β-decay experiments. Hence, it is rather easily falsified by future
experiments, if wrong. On the other hand, its confirmation is difficult because it predicts
small signals for new oscillation channels, for neutrinoless double-β decay and in tritium
β-decay experiments. The prediction that probably can be verified in the near future is
the energy-independence of long-baseline νµ → νe transitions with a probability given by
the average of the oscillation probability measured in the LSND experiment [see Eq. (4.2)].
Other predictions that could be confirmed in a not too far future are the equality of the
probabilities of νe → ντ and νµ → ντ oscillations in both short-baseline and long-baseline
experiments [see Eqs. (3.2) and (4.2)] and the range (5.3) for the effective Majorana neutrino
mass in neutrinoless double-β.
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FIG. 1. Dark shadowed area: LSND favored region in the sin22ϑ2LSND–∆m
2
LSND plane (90%
likelihood region) [10] that takes into account the constraint (3.8) in the MS2 scheme. The thin
solid line represents the bound (3.8), whereas the thick solid line represents the exclusion curve
of the Bugey experiment [34] and the light plus dark shadowed areas represent the usual LSND
favored region [10].
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FIG. 2. Shadowed area: the allowed region in the sin22ϑµτ–∆m
2
LSND plane in the MS
2 scheme.
The thin solid line represents the upper bound for sin22ϑµτ that follows from the BBN bound
NBBNν < 4 [19]. The thick solid line on the right shows the final sensitivity of the CHORUS and
NOMAD experiments [35].
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FIG. 3. Dark shadowed area: the allowed region in the ∆m2LSND–|〈m〉| plane in the MS2
scheme. The light plus dark shadowed region is allowed in a general scheme with the mass spec-
trum (1.9) under the natural assumption that massive neutrinos are Majorana particles and there
are no unlikely fine-tuned cancellations among the contributions of the different neutrino masses
[11]. The thin solid line represents the upper bound for |〈m〉| following from the mass spectrum
(1.9) without additional assumptions [37] and the thick solid line represents the unitarity limit
|〈m〉| ≤
√
∆m2LSND.
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